Abstract: A novel model is presented to study red blood cell (RBC) hemolysis at cellular level. Under high shear rates, pores form on RBC membranes through which hemoglobin (Hb) leaks out and increases free Hb content of plasma leading to hemolysis. By coupling lattice Boltzmann and spring connected network models through immersed boundary method, we estimate hemolysis of a single RBC under various shear rates. First, we use adaptive meshing to find local strain distribution and critical sites on RBC membranes, and then we apply underlying molecular dynamics simulations to evaluate damage. Our approach comprises three sub-models: defining criteria of pore formation, calculating pore size, and measuring Hb diffusive flux out of pores. Our damage model uses information of different scales to predict cellular level hemolysis. Results are compared with experimental studies and other models in literature. The developed cellular damage model can be used as a predictive tool for hydrodynamic and hematologic design optimization of blood-wetting medical devices.
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In various medical devices, such as hemodialysis machines, artificial hearts (1), prosthetic heart valves (2), and ventricular assist devices (VADs), mechanical stresses can be up to two orders of magnitude higher than its physiologically relevant range (3, 4) . Prolonged contact and collision between blood cells and device surfaces and regions of high shear stress leads to cell damage (5, 6) . When a cell is damaged, hemoglobin (Hb) is released into plasma which in severe cases may lead to renal failure, anemia, arrhythmias, and death (7) (8) (9) . In milder cases, Hb is released through temporary pores on the red blood cell (RBC) membranes, which may lead to other pathologies. RBC damage induced by VADs over a long period of time is still one of the issues to be addressed (10) . Moreover, acute hemolysis is an unavoidable side effect of extracorporeal circulation in regular 4-hour, three times per week dialysis.
In experimental studies, RBC damage is typically assessed through the amount of plasma-free Hb (pfHb) measured by flowing blood in microcirculation loops of the perfused artificial device. Giersiepen et al. (11) estimated shear-related blood damage in 25 heart valve prostheses. Zhang et al. (12) used novel couette-type blood-shearing devices to study hemolysis. Fitting experiment data, empirical correlations were proposed to estimate hemolysis as a function of shear stress and exposure time. Due to the complex geometries and flow conditions of various devices, as well as the macroscopic nature of free Hb measurement, parameters obtained from these tests are only applicable to that specific device. Also, they cannot provide sufficient insight into flow-induced damage at cellular scale.
Bludszuweit (13) , Yeleswarapu et al. (14) , and Okamoto et al. (15) developed a hemolysis model for VADs where Hb release is correlated with shear rates and the exposure time that cells are subjected to. The stress history of RBCs along their streaklines was obtained by Lagrangian particle tracking. With integrative computation, cumulative RBC damage was measured. Instead of using a simple shear stress scalar, Arora et al. (16, 17) incorporated a more complicated formulation for shear using a tensorial strain doi: 10.1111/aor.12832 model to predict hemolysis based on RBC deformation. These computational fluid dynamics-based models rely on macroscale experimental estimation of damage in specific devices and lack a general blood cell damage evaluation criterion, where cellular level information is required.
Empirical correlations are widely used for the estimation of flow-induced hemolysis in blood-contacting medical devices. Most of them use power law to correlate shear stress, exposure time, and index of hemo- There are continuum cellular damage models based on the strain energy density (18) (19) (20) . However, those models do not consider the physics of pore formations and Hb release. A more comprehensive multiscale model of sublytic damage is proposed by Vitale et al. (21) where they assume the nucleation of pores is dictated by the membrane energy landscape of the perturbation. Assuming pores relieve the tension and minimize the total free energy, they derived analytical expression for pore radius and density under shear rates ranging from 4000 to 42,000 s
21
. Their descriptions of pore radius and density are a function of membrane areal strain varying from 0.16 to 6%. Other researchers have performed molecular dynamics (MD) simulations (22) of pore structure in the bilayers (23) as well as membrane disruption and rupture using dissipative particle dynamics (24) and Monte Carlo simulation (25) . Cytoskeletal dynamics of human erythrocyte are specifically studied by Li et al. (26) where they used coarsegrained simulation to elucidate the roles of shear stress, specific chemical agents, and thermal fluctuations in cytoskeleton remodeling. To the best of our knowledge, there is no existing model yet which links cellular level damage to Hb release. Table 1 summarizes some literature works on RBC damage evaluation.
Cell damage occurs at different scales from nanoscale membrane pore initialization to microscale cell membrane rupture. In order to evaluate blood cell damage, the molecular level information of pore formation on the membrane needs to be linked with the cellular scale cell deformation and macroscopic flow condition. The goal of this article is to establish computational techniques to predict the blood cell dynamics and cellular damage under complex flow conditions. Spring connected model (27) (28) (29) of erythrocyte membrane is coupled with lattice Boltzmann (28) through immersed boundary (IB) method (30) (31) (32) (33) (34) in order to calculate local strain/stress of RBC membranes and study hemolysis as Hb molecules leak out of the damaged regions. Our damage model comprises three sub-models where we identify criteria for nanopore formation, determine pore dimensions, and finally calculate Hb diffusion out of porated regions as shown in Fig. 1 . Unlike previous continuum approaches, we study cellular hemolysis by obtaining model parameters from underlying MD simulations. In the following sections, we will first describe and validate our model by stretch and shear tests, then evaluate shear-induced damage in a single RBC. The formulations and complete description of (27) . To eliminate any residue membrane stress at equilibrium state, nodes were allowed to move on the RBC biconcave surface to minimize inplane energy before starting the simulation. In this stress-free condition, the membrane is relaxed, and equilibrium lengths of springs are recalculated. More detailed information about the spring network model can be found in (27) . The stretching test is performed when pair forces are applied at 2% of mesh nodes at either sides of a RBC. Our results for axial and transverse diameters of the deformed RBC are well within the experimental error of Mills et al. (35) as shown in Fig. 2a . It also agrees well with studies by Fedosov and Caswell (36) and Pivkin and Karniadakis (37) .
Spectrin network is the main load bearing component of membrane. Therefore, spring forces are the dominant terms in calculating stress components compared to bilayer hydrostatic elastic force. Using Eq. 10 in the Appendix, stress distribution on erythrocyte membrane is calculated and plotted out in Fig. 2b when RBC undergoes the stretching test. The regions close to the gripping ends are identified as critical regions with the highest stress level where the membrane is more likely to be damaged. Finer triangular mesh with the sizes comparable to the size of spectrin tetramer is needed for studying the damage initiation and growth in these regions. Thus, smaller mesh is generated locally by splitting every triangular element into four so that the size of mesh is similar to spectrin size, 75 nm, as shown in Fig. 2c . Using this approach, mesh can be refined dynamically, and simulation can be performed with minimal computational costs compared to uniform spectrin mesh.
The maximum pulling force in the optical tweezer experiment is 200 pN where RBC can completely recover its biconcave shape when the loading is removed. It is observed that the stretching force on critical tetramer, the spring with highest force, changes linearly with pulling force as shown in Fig. 2c . According to the CGMD study of Li et al. (26) , actinspectrin association is breakable at 10.9% bond strain which corresponds to 24.9 pN force. In the same study, it is mentioned that the strength of dimer-dimer association is known to be much weaker than the actinspectrin association, but this disassociation force is not explicitly reported. In high pulling forces, some spectrin network bonds close to gripping ends break first. Then, rupture initiates at the tip of the damaged region, which ultimately leads to the fragmentation of RBC membrane as shown in Fig. 2d .
RBC deformation under shear flow
At rest, RBCs aggregate into a coin stack shape structure called rouleaux (38) . In shear flow with low-shear rate _ c ð Þ, rouleaux break and cells tumble while preserving their biconcave shape. As the fluid shear rate increases, the tumbling gradually reduces, and RBCs deform into ellipsoidal shape. Tank-treading motion occurs at 1 s 21 where the RBC major axis aligns with the flow (39) . In this regime, the membrane starts to rotate around the cytoplasm. In higher shear flows, erythrocyte membrane is dilated. It is believed that a RBC reaches its 6% global areal strain limit as the shear rate approaches 42,000 s
21
. Below this critical shear rate, RBC can completely recover its biconcave shape when the loading is removed (40).
Abkarian et al. (41) experimentally demonstrated tumbling, tank treading, and intermittent behavior of suspending RBCs in a viscous solution of dextran. Following Pivkin and Karniadakis's (37) work, deformation of RBC under pure shear flow is studied when floated in dextran. The viscosity of dextran and intracellular fluid are assumed 22cP and 6cp, respectively. The oscillation period in low shear rates is plotted out in Fig. 3a where a good agreement with Abkarian et al.'s (41) experimental study is achieved. The flow fields surrounding tumbling and tank treading RBC are also demonstrated in Fig. 3a . The transition from tumbling to tanktreading motion is observed at 1-1.5/s shear rates. We have also calculated tank-treading frequency of RBC under high shear rates ranging from 4000 to 42,000 s
. Our results indicated that the oscillation period is inversely correlated with the shear rate as suggested in Fischer's experimental study (42) . Fitting our simulation data, we could link the oscillation period to the shear rate by following formula, x5 The membrane continuously undergoes cyclic stretch loading during RBC tank-treading motion. Moreover, stress/strain distributions on membrane also change during oscillation period because of RBC's at-rest biconcave shape. In other words, tetramers in spectrin network may experience different stretch loading depending on where they are originally located on membrane. It is shown in Fig. 3b that the maximum force on critical tetramer almost linearly increases with shear rate and reaches 8:3 pN in 
42,000 s

21
. At the critical shear rate of 42,000 s
, the membrane stress level is significantly increased, and the RBC is stretched to twice its original diameter as shown in Fig. 3b ,c. In shear rates above this threshold, irreversible damage to spectrin network and fragmentation of RBCs leads to significant increase in free Hb content of the suspending medium (43) .
Formation of pores in regions with critically high areal strain during sublytic hemolysis allows limited release of Hb molecules. It should be noted that the maximum local areal strain of membrane varies from 75 to 120% under shear rates of 4000-42,000 s 21 as shown in Fig. 3b . Koshiyama and Wada (23) showed that nanopores begin to form on lipid bilayer membrane at 85% areal strain. Moreover, another MD study by Tomasini et al. (44) showed that in quasistatic (QS) shearing tests of lipid membrane, pores begin to form at E A 580%. Thus, our findings agree with these CGMD studies since sublytic hemolysis also starts at 4,000 s 21 with a maximum areal strain of 75%. In the following section, the sub-models for evaluating sublytic damage will be discussed.
MULTISCALE DAMAGE MODEL
The onset of pore formation initiates the release of intracellular content into plasma. The membrane dilates to 6% of its original size under 42,000 s 21 shear flow while local areal strain at critical sites can even reach 120% under the same flow condition. To the best of our knowledge, all previous strain-based hemolysis studies are based on global areal strain (14, 16, 17, 21) . However, it is necessary to study sublytic damage locally due to complex loading dynamics of erythrocyte membrane under shear. Our sublytic damage model is based on hindered Hb release out of pores formed in critical regions. It is indicated that below 42,000 s 21 shear rate, spectrin network is less likely to be damaged irreversibly. Thus, it is hypothesized that pores do not grow bigger than spectrin length, 75 nm, during sublytic damage. Additionally, these nanopores are assumed to form instantly due to the relatively small time scale of pore growth 10 ls ð Þ(45) compared to the oscillation period of RBC (1-6 ms).
Pore formation in critical regions
Pore formation at the molecular level is a statistical phenomenon (23) . Thus, the probability of pore formation in critical regions needs to be implemented into our damage model. Many researchers have performed MD simulations of pore structure in the bilayers (44, (46) (47) (48) . Koshiyama and Wada (23) specifically studied pore formation dynamics under various stretching speeds. They performed equibiaxial stretching simulations on a 40 nm 3 40 nm bilayer patch with the pulling speeds, c, of 0.1, 0.3, and 1.0 m=s. Their MD simulation results indicated that multipores are more likely to form under high stretching speeds. They also performed QS stretching test where just a single pore was created (23) . It has been described before that the oscillation period of RBC varies from 15 to 1:5 ms under 4000 and 42,000 s 21 shear rates. To calculate the membrane stretching speed under high shear rate flows, the RBC surface is hypothetically divided into 40 nm 3 40 nm patches where they continuously undergo cyclic loading with the oscillation period of 1:5 ms. Assuming maximum 120% areal expansion, the pulling speed in critical patches can be estimated as 10 mm=s; which is much lower than c50:1 m=s in Koshiyama and Wada (23) study. Thus, it can be concluded that the membrane stretch can be considered as QS in extreme cases of sublytic hemolysis.
To present the average chance of pore formation as a function of areal strain, Koshiyama and Wada (23) used an error function to demonstrate the ratio of patches containing pores to total number of patches. It can be expressed as R E A ð Þ5 1 2 11erf
, where E A and r are the mean and variance of critical areal strain, respectively. Their results for QS stretching case are fitted by Gaussian distribution function with the mean and variance of 1.04 and 0.07 and are used to calculate the probability of pore formation in this study as shown in Fig. 4a .
Hb transport through nanopores
The so-called sublytic phase of RBC damage occurs when pores are large enough to allow Hb to escape. The Hb flux out of a single pore can be calculated as (21) dHb 
Assuming zero initial pfHb concentration Hb 0 p , IH level can be calculated using effective diffusion, pore opening area, and membrane thickness. These parameters depend on local loading condition of bilayer membrane. In what follows, these parameters are discussed in detail.
Pore size and length One important part of our damage model is estimating the membrane thickness and pore size as a function of areal strain. Tolpekina et al. (46) used coarse grained MD to stretch a bilayer patch up to 1.7 of its equilibrium area. They established the phase diagram of pores and identified regions where pores are stable. Based on these findings, they also proposed a simple theoretical model to correlate pore radius, R pore , and area strain by minimizing free energy. It is expressed as
where A 0 is the area of the tensionless membrane without a pore; K A 5250 mJ=m 2 is the compressibility modulus of membrane; and k c is the line tension coefficient which is equal to 3:5310 211 J=m. The average pore radius in 40 nm 3 40 nm patch as a function of relative areal stretch is demonstrated in Fig. 4b . Moreover, the membrane thickness decreases as membrane stretches. Koshiyama and Wada (23) also demonstrated how membrane thickness at porated regions changes by areal strain, which is directly implemented into our model.
Hb diffusion out of nanopores
Hb is the main component of the RBC. A RBC approximately contains 280 m Hb molecules with molecular size of 6 nm 3 5 nm 3 5 nm (49) . Hb in erythrocytes is highly concentrated, 330 mg/mL under physiological conditions. It occupies a quarter of a cell volume where the average separation distance between its molecules is 6.9 nm. Due to Hb high concentration inside RBC, its self-diffusion coefficient is six times smaller compared to that in dilute solution (50) . An exponential function is proposed by Riveros-Moreno and Wittenberg (51) to demonstrate correlation between Hb concentration and diffusion coefficient. Significant reduction in Hb diffusivity is attributed to obstruction effects by excluded volume interactions. Doster and Longeville (50) experimentally estimated the self-diffusion coefficient of Hb in RBC as 1:75310 27 cm 2 =s, while its diffusion coefficient in dilute solution is reported as 8:61310 27 cm 2 =s. During sublytic hemolysis, Hb diffuses out of temporary small nanopores. The effective diffusion coefficient of these macromolecules through pores of comparable size is usually much lower than their value in bulk solution. Hb transverse diffusion, known as "hindered" or "restricted" diffusion, is caused in two ways. First, steric and long-range interactions between Hb and pore wall in lipid bilayer tend to exclude Hb from some radial positions within the pores. Second, hydrodynamic drag on Hb molecule is increased due to confined space of the pore (52, 53) . The effective diffusion coefficient of these macromolecules can be expressed in terms of the solute-to-pore size ratio k5R s =R p as
where K 21 is ratio of the friction coefficient of the solute in bulk solution to that within the pore (54) and U is the ratio of the average solute concentration within the pore to that in bulk solution. Hb molecules inside RBC are partially flexible and exhibit hydrodynamic behavior similar to coiled chain molecules. The partition coefficient, U, of a neutral, randomly coiled macromolecule can be calculated by the analytical expression of Casassa (55) . K 21 and U are written as
where d i are the roots of J 0 d ð Þ50, with J 0 representing the Bessel function of the first kind, of order zero. k i depends on the permeability parameter, which demonstrates the resistance to solvent flow through the macromolecule and can be estimated as 1:3 k i =k 1:8. In the current study, k i =k is assumed as 1.8. Furthermore, the classical equation of Stokes-Einstein, R s 5 kT 6phD 0 , is used to calculate Hb Stokes-Einstein radius where k is Boltzmann's constant, T is the absolute temperature, and h is the solvent viscosity. Finally, using equations above, effective diffusion of Hb through nanopores can be estimated in terms of solute-to-pore size ratio as shown in Fig. 4c .
HEMOLYSIS RESULT
To incorporate the statistical feature of pore formation into our model, erythrocyte membrane is divided into 40 nm 3 40 nm patches. A critical areal strain threshold, randomly picked from Gaussian distribution as shown in Fig. 4a , is assigned to each patch. As RBC membrane deforms under shear flow, each patch experiences different loading cycle during oscillation periods. Once areal strain exceeds the specified critical threshold, a single pore will form in the damaged patches. The pore size and length can be calculated using areal strain as described before. It should be noted that the areal strain and accordingly pore size and effective diffusion also change during oscillation period. Finally, the pores in damaged patches will be assumed closed as areal strain reaches below 20% when pore size is smaller than the Hb molecule. The solution procedure is illustrated in the flow chart shown in Fig. 5 .
Due to the biconcave shape of RBC, the porated area, shown in Fig. 6a , also fluctuates during oscillation period. The relative pore area changing with oscillation time is plotted out under various shear rates in Fig. 6b . The average relative pore area over oscillation period varies between 0:001 and 0:03 under shear rates ranging from 14,000 to 42,000 s
21
. Minimizing membrane energy landscape, Vitale et al. (21) also estimated 5:5% relative pore area under a critical shear rate of 42 000=s when the global areal strain is 6%. Although our approach is completely different from their continuum-based method, our relative pore area matches with their prediction. In the same study, pore density and diameter in 6% global areal strain are reported as 111=lm 2 and 24 nm, respectively. It is worth mentioning that pore size in our damage model varies between 10 and 40 nm.
Diffusion of Hb out of nanopores during sublytic damage is hindered by excluded volume interactions. Vitale et al. (21) 
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estimated the mass-transport coefficient as 0:01 and 0:2 lm=s under shear rates of 4000 and 42,000 s 21 , respectively. On the contrary to Vitale et al.'s (21) study, we calculated Hb mass-transport coefficient individually for each pore since effective diffusion coefficient and accordingly K c are functions of pore size. Averaging Hb mass-transport coefficient over all pores, it is observed that our damage model predicts that K c varies from 0.04 to 0.55 lm.s
21
, which roughly agrees with their experimentally estimated range. So far, we presented validation of our sub-models by comparing our results for mass transport coefficient and relative pore area with other studies.
Calculating strain distribution on RBC membrane in every time step, we can accordingly find the location of pores, membrane thickness, pores diameter and effective diffusion as shown in Fig. 5 . Subsequently, Hb flux out of each nanopore is estimated separately using ODE in Eq. (3). Finally, we would be able to calculate index of hemolysis during various exposure times. It is shown in Fig. 6c that our results agree well with the experimental study of Giersiepen et al. (11) under shear rates higher than 20,000 s 21 . Minor inconsistencies between our prediction and experimental measurement may be attributed to simplified assumptions in our sub-models. For instance, CGMD results from equibiaxial stretching tests are used to determine pore formation criteria while the membrane undergoes various loading conditions which are not necessarily equibiaxial; nanopores may not be always circular as it happens in equibiaxial stretching condition; Hb-lipid bilayer interaction is overlooked for calculation of Hb hindered diffusion coefficient. Moreover, our damage model focuses on Hb diffusion out of a single RBC compared to macroscale estimation of hemolysis in experimental setups.
To better understand different model parameters such as Hb diffusive transport and relative pore area, hemolysis for low IH levels, Eq. (3), can be roughly estimated as
where A RBC 5135 lm 2 and V RBC 595 lm 3 are the initial area and volume of a RBC, respectively; X is the relative pore area; and Dt is the exposure time. Giersiepen hemolysis experiments (11) showed that IH level increase to 1% during Dt5887 ms exposure time under 30,000 s 21 shear rate. Assuming the average relative pore area of X51% under this flow condition (Fig. 6b) , K c can be roughly estimated as 0:43 lm=s using Eq. (7). On the other hand, K c can be calculated as 8:61 3 10 27 cm 2 =s 10 nm 58600 lm=s using normal diffusion coefficient of Hb in dilute solution. This considerable difference is attributed to small size of pores, comparable to size of Hb molecules, which highly restricts diffusion of Hb out of nanopores. Therefore, it seems reasonable to assume that spectrin network confines the growth of pores on lipid bilayer during sublytic damage.
CONCLUSION
We have developed a cellular damage model which can directly correlate the microscale state of the cell membrane to local stress/strain distribution and correspondingly hemoglobin release. Spring connected model of erythrocyte membrane is coupled with lattice Boltzmann through immersed boundary method to simulate deformation of red blood cells. RBC stretching and shearing tests are performed to validate our cell model. The dynamics of cell rupture are studied when spectrin network is damaged under high stretching forces. Moreover, the local conditions, which lead to initiation of pore formation and sublytic damage of RBC, are also studied. It is found that pores continuously appear/ disappear as RBC tank-treads under high shear flows. After identifying the size and location of these nanopores, Hb flux is measured to calculate index of hemolysis in term of exposure time. Finally, it is shown that hemolysis predicted from our cellular model results agrees well with experimental studies.
Unlike previous approaches, we studied hemolysis locally by obtaining model parameters from underlying molecular dynamics simulations. Our method can be significantly improved by studying each submodel separately in more depth. For instance, hindered diffusion coefficient of Hb molecules out of small pores in lipid bilayer can be accurately estimated by CGMD simulations. Furthermore, it should be mentioned that our approach can only handle mechanical damages. The damages to RBC membranes by chemical changes such as iron deficiency which influences lifespan of RBCs in circumstance like acidemia and oxidative stress (57) are not considered in this paper but can be implemented as input to our model in the future. For instance, we can input chemical damages by modifying bending stiffness and area constraint constants of RBC membranes. In this situation, by altering the physical property of the RBCs, one can observe that the characteristics of RBC itself may affect hemolysis. In addition to these limitations, it should be mentioned that our damage model focuses on Hb diffusion out of a single RBC compared to macroscale estimation of hemolysis in typical experimental setups. RBCs in actual biomedical devices take different pathways and undergo various stress history. Because of high computational costs of our numerical model, we are limited to use a statistical sampling approach to evaluate damage in a large computational domain. Therefore, we can only apply our model to a handful of sample RBCs in the flow to assess damage in an actual biomedical device.
As noted before, experimental evaluation of damage strongly depends on test device and experiment condition. Thus, we have linked cellular level damage to Hb release to address this issue. Using this method, we are able to develop general criteria independent of particular device. Overall, our novel cellular approach can be used as a predictive tool to microscopically evaluate flow induced damage in any general device.
